Abstract: We propose a method for modeling a wide class of partially spatially coherent vortex beams. It is shown that any member of such beams can be represented as an incoherent superposition of fully coherent vortex models weighted by a non-negative weighting function. Applying this method, we introduce a new type of partially coherent vortex beams and study its far-field properties.
Introduction
Light beams possessing phase singularities known as optical vortices are of particular interest for their interesting properties and potential applications, for instance, optical tweezers, micromanipulation and optical communications. The fully coherent vortex beams, such as Laguerre-Gauss beam, possess a helical wavefront associated with singular phase of the form exp(i lφ) where φ is the azimuthal angle and l the topological charge [1] . Since Gori etc proposed the partially coherent sources with helicoidal modes, which can be obtained as incoherent superposition of LaguerreGauss beams having Laguerre polynomials of zero order [2] , more and more attention is being paid to the model construction and statistical properties of optical vortices formed in partially coherent beams [3] - [9] .
The partially coherent beams can be described by means of a cross-spectral density (CSD) function related to the space-frequency representation [10] . The choice of the mathematical model for the CSD is restricted by the constraint of nonnegative definiteness [10] . Recently, the general representation for partially coherent fields [11] , ensuring the CSD to be genuine, provided an effective tool for exploring new forms of correlation functions. A slew of novel models of partially coherent sources with different correlation characteristics were devised using this prescription and some interesting features of the fields generated by them were extensively studied [12] - [20] . However, almost all of these new partially coherent field models ignore the phase properties. In fact, phase is an important property and the propagating characteristics of partially coherent beams are closely related to the source field phase. For example, the CSD of a twisted Schell-model beam possesses a position-dependent, inseparable quadratic phase term that rotates the beam spot on propagation [21] . Recently, we also suggested a convenient practical method for modeling novel classes of twisted partially coherent beam-like fields [22] . In this paper, we present a handy method for constructing a wide class of partially coherent sources possessing a helicoidal phase structure and arbitrary spatial coherence function.
Method for Constructing Partially Coherent Vortex Sources
The spatial coherence properties of a statistically stationary field may be described by a crossspectral density function (CSD) that measures the correlations between the two points ρ 10 and ρ 20 of a planar source [10] :
where E is the fluctuating field, and angular brackets signify its ensemble average. To be a mathematically genuine correlation function, the CSD suffices to have the representation of the form [11] W 0 (ρ 10 , ρ 20 
where H 0 (ρ 0 , v) is an arbitrary kernel whose choice defines the correlation class of a light field. If the kernel function is chosen is a Fourier-like exponential, i.e., H 0 (ρ 0 , v) = f (ρ 0 )exp (−i v · ρ 0 ), then the CSD represents a Schell-model source. p (v) is an arbitrary nonnegative function whose choice defines the profile of the correlation function in the same class with respect to the kernel H 0 (ρ 0 , v). The condition of (2) can be regarded as the expansion the CSD of a partially coherent field consisting of an incoherent superposition of coherent elementary fields H 0 (ρ 0 , v) weighted by the function p (v). A partially coherent field propagating through a vortex mask, each coherent elementary field will gain a vortex phase factor [4] . So in order to obtain partially coherent vortex fields with Schell-model correlation properties, we can take On inserting from (3) into (2) we obtain
where the tilde denotes Fourier transform. Since p (v) is arbitrary, it is clear that (4) can be expressed as a variety of partially coherent vortex fields with rather sophisticated Schell-model correlation properties. In the following examples, we assume that the optical field in the initial plane is described by a large-core vortex, A (ρ 0 ) = (ρ 0 /σ) l , and a Gaussian envelope function,
, where E 0 and σ denote the field amplitude and the waist width.
For instance, for a partially coherent vortex field with Gaussian Schell-model correlation [4] , [5] , one may employ the following form of p (v):
where δ are the positive real constant. On substituting from (5) into (4), the CSD may be written
Sinc Schell-Model Vortex Beam and its Far-Field Properties
As a novel class of example, let us choose a weight function as follows:
where r ect(x) is the rectangular function. On substituting (7) into (4), we obtain the CSD function of the form
where sinc(t) is the normalized sinc function which equals 1 for t = 0 and sin(πt)/(πt) otherwise, (x 0 , y 0 ) is the Cartesian coordinate of ρ 0 . We will term such a source the sinc Schell-model vortex source. The CSD function W (ρ 1 , ρ 2 , z) of the field radiated by the source at z = 0 to the far-field transverse plane (i.e., at a propagation distance z >> z R , z R = kσ 2 /2 is the Rayleigh length, k is wave number related to the wavelength λ by k = 2π/λ) at two points specified by position vectors ρ 1 = (x 1 , y 1 ) and ρ 2 = (x 2 , y 2 ), may be expressed in the following form [10] 
Substituting (8) into (9), we obtain
where (s x , s y ) is the Cartesian coordinates of vector s, and
Numerical integration of (10) allows us to visualize the far-field spectral density distribution and normalized cross-correlation function by the expressions [11] 
In the following numerical calculation, the value of the source parameters are selected as λ = 632.8 nm and σ = 1 mm. The far-field plane is set at z = 30z R . Let's first consider the on-axis vortex case s = 0. The far-field spectral density S radiated by the source (8) with topological charge l = 1 are shown in Fig. 2 for different values of the relative coherence length γ = δ/σ. In all of the following figures, the curves represent the distribution on the x and y axes. As can be seen from Fig. 2 , the far-field spectral density distribution depends on the relative coherence length γ of the source field. For the low coherence case of γ = 0.5 in Fig. 2(a) , the far field spectral density distribution forms a rectangular flat-top profile. With the value of γ increases, a central dark vortex core gradually appears, as shown in Fig. 2(b) . For the high coherence case of γ = 10 in Fig. 2(c) , the spectral density acquires a central dark vortex core with an intensity close to zero. Fig. 3 shows the modulus and the phase of the far-field normalized cross-correlation function μ for sinc Schell-model vortex beams with an initial on-axis vortex of topological charge l = 1 and different values of the relative coherence length γ. In each case, the far-field distribution of |μ| has a conspicuous dark ring with zero degree of coherence. At the ring, there is a π phase jump, the phase value within the ring is zero and outside the ring is π. As the values of the relative coherence length γ increases, the radius of ring decreases, and the value of |μ| outside the ring increases and tends to 1 for the high coherence case.
Next, let's examine the off-axis vortex case s = 0. To simplify calculations, without loss of generality we assume that the vortex core is display along the x axis, that is s x = 0.3 σ, s y = 0. Fig. 4 shows the far-field distributions of spectral densities of sinc Schell-model vortex beam with an initial off-axis vortex of topological charge l = 1 for various relative coherence length γ. The low coherence spectral density profile, Fig. 4(a) , is similar to the case of the on-axis vortex and exhibits a rectangular flat-top profile. With the value of γ increases, a vortex core gradually appears, as shown in Fig. 4(b) and (c). But different from the on-axis vortex case, the profile of the spectral density has a laterally shifted vortex core. The shifting direction of the vortex core is along y axis which is rotated with an angle of π/2 relative to the initial displacement vector s.
The far-field distributions of the modulus and the phase of the normalized cross-correlation function μ corresponding to Fig. 4 are shown in Fig. 5 . The profiles of |μ|, in Fig. 5(a) -(c), reveal two symmetrical correlation vortices on the y axis. One may understand the partially coherent source field represented by (8) contains two vortices having topological charge +l and −l. For on-axis vortex s = 0, two vortex cores coincide with the beam center in both the initial plane and the far-field region. But for the off-axis vortex s = 0, a pair of oppositely charged spatial correlation vortices occur at ρ 0 = ±s in the initial plane, it is manifest in the far-field region. The phases near the vortex cores appear dislocation which is characterized by a π step in the y direction, as shown in Fig. 5(d)-(f) . The phase value between the two vortex cores is zero, and at the outside of two cores is equal to π. The distance between the two vortex cores decreases with increasing values of the relative coherence length γ. And the change of phase value in the x direction is a gradual curve.
Summary
This analysis can be summarized by saying that a handy method for constructing a wide class of partially coherent vortex beams has been proposed. Any member of this class is generated by the incoherent superposition of the fully coherent vortex fields weighted by arbitrary nonnegative function. As proof of this method, we have constructed an existing light field models, i.e., Gauss correlation vortex beams.
Furthermore, we introduced a new type of partially coherent vortex beams, namely, sinc Schellmodel vortex beams. The far-field spectral densities and coherent states for such beams with on-axis and off-axis vortex on the initial plane were analytically and numerically investigated. The results show that the far-field properties of such beams depend on the coherence length and the displacement of the vortex from the beam center. If a sinc Schell-model vortex beam possesses an on-axis vortex, the far field spectral densities change from rectangular flat-top profile to annular shape with a dark vortex core as the value of the relative coherence length γ increases. The crosscorrelation function maintains a ring dislocation that persists regardless of the value of the relative coherence length, but the radius of the ring decreases with the increase of the relative coherence length. If a sinc Schell-model vortex beam with an off-axis vortex, the rectangular flat-top intensity profile still exists for the low coherence case, but with increasing γ the intensity profile exhibits a diffuse dark core which is translated in a direction relative to the initial displacement vector s. And the ring dislocation breaks into two spatial coherence vortices.
Evidently, our analytic model can be used to synthesize new class of partially coherent vortex beams. We believe that our results could stimulate future studies about spatial correlation vortices in partially coherent light.
